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Abstract 
To examine functional differences in total hip replacement patients (THR) when stratified either by 
age or by functional ability as defined by self-selected walking speed. THR patients and a control group 
underwent three-dimensional motion analysis under self-selected normal and fast walking conditions. 
Patients were stratified into five age groups for comparison with existing literature. The THR cohort 
was also stratified into three functional groups determined by their self-selected gait speed (low 
function <1S.D of total cohort’s mean walking speed; high function >1S.D; normal function within 
1S.D). Hip kinematics, ground reaction forces, joint moments and joint powers in all three planes (x-y-
z) were analysed. 137 THR and 27 healthy control patients participated. When stratified by age, during 
normal walking the youngest two age groups walked quicker than the oldest two groups (p<0.0001) 
but between-group differences were not consistent across age strata. The differences were 
diminished under the fast walking condition. When stratified by function, under normal walking 
conditions, the low function and normal function THR groups had a reduced extension angle 
(mean=1.75°, SD=±7.75, 1.26°±7.42, respectively) compared to the control group (-6.07°±6.43; 
p<0.0001). The low function group had a reduced sagittal plane hip power (0.75watts/kg±0.24), 
reduced flexor (0.60Nm/kg±0.85) and extensor moment (0.51Nm/kg±0.17) compared to controls 
(p<0.0001). These differences persisted under the fast walking condition. There were systematic 
differences between patients when stratified by function, in both walking conditions. Age related 
differences were less systematic. Stratifying by biomechanical factors such as gait speed, rather than 
age, might be more robust for investigating functional differences.  
Keywords: Total hip replacement, Gait, Stratification, Biomechanics, Functional outcomes  
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Introduction 
 
Total hip replacement (THR) is widely accepted as one of the most successful orthopaedic surgeries 
(Learmonth et al., 2007), despite small but persisting functional deficits in post-THR patients compared 
to healthy counterparts (Beaulieu et al., 2010; Colgan et al.; Ewen et al., 2012; Foucher et al., 2007; 
Kolk et al., 2014; Perron et al., 2000).  
THR patients are often viewed as a homogenous group and few studies have explored how patient 
characteristics such as age can differentially influence function post-THR, potentially due to the 
relatively small sample sizes employed. For example, in a recent systematic review, only four gait 
studies out of 74 employed a sample size greater than 45 THR patients(Bahl et al., 2018). In a larger 
sample of patients from multiple retrospective studies, results demonstrated younger THR patients 
are more likely to recover function to a clinically meaningful level compared to older patients 
(Foucher, 2016), potentially due to older patients’ limited hip sagittal ROM and hip power generation 
post-operatively. When stratifying gait function by age in a large cohort (n=134) of THR patients, gait 
kinematics and kinetics are not influenced by age, except a reduced ROM exhibited in the 80 years 
and over age group (Bennett et al., 2008; Bennett et al., 2017), a finding consistently observed in 
healthy control patients of a similar age (Nigg et al., 1994). These findings suggest minimal gait 
differences are attributable to the replacement and that THR patients are relatively homogeneous and 
chronological age may not be a particularly sensitive indicator of function. A widely used alternative 
measure of overall functional ability is self-selected walking speed (Middleton et al., 2015; Studenski 
et al., 2011). Despite the expected negative overall association between age and gait speed (Bohannon 
and Williams Andrews, 2011), chronological age only explains 30% of the variance in gait speed(Alcock 
et al., 2013), suggesting gait speed might be differential indicator of function compared to age. This 
has been explored in THR studies using self-reported functional ability (Bolink et al., 2016) and 
measured objectively by O’Connor et al (2018) who reported on a small sample of 22 THR cases, noting 
that hip contact forces are different between THR groups when stratified by walking speed. There is 
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increasing evidence to suggest that patient demographic characteristics, such as age and gender are 
important factors in the overall survivorship of hip implants (Bayliss et al., 2017; Towle and Monnot, 
2016) and so there is a need to understand the interplay between a range of demographic and 
functional patient characteristics on post-operative joint function. The purpose of the current paper 
was to build on the observation of differences between THR patient groups identified by O’Connor et 
al (2018) and to stratify our large THR sample by walking speed to explore whether gait speed may be 
a more appropriate measure of functionality than age.   
The primary aim of this study was to examine the functional differences in a large THR cohort when 
stratified by age, for comparison with the existing literature, and to determine how stratifying by 
functional ability subsequently effects the interpretation of joint kinematics and kinetics after THR. 
Furthermore, while the majority of gait studies measure patients’ function at a single self-selected 
walking speed(Kolk et al., 2014), in the real-world, patients walk at different speeds depending on 
environmental conditions and behavioural demands. This study also explored the effect of walking at 
a higher demand fast-pace to provide a more comprehensive model of patients function on a day-to-
day basis, and potentially to explore greater differentiation between strata(Lamontagne et al., 2011).  
 
Method 
Patients 
137 THR patients were recruited through a clinical database of surgical cases, and 27 healthy control 
patients were recruited from local community groups. THR group inclusion criteria were; between 1-
5 years THR post-surgery, aged 18 years and older, no lower limb joint replaced except hip joint(s), 
fully pain free and not suffering from any other orthopaedic or neurological problem which may 
compromise gait. The same inclusion criteria were applied to the healthy control group except no 
participants had a joint replacement. Ethical approval was obtained via the UK national NHS ethics 
(IRAS) system and all participants provided informed, written consent. 
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Data Capture 
 
Each patient undertook one session of gait analysis under two conditions, i) a self-selected walking 
speed (hereafter referred to as normal walk) and ii) fast walk, where patients were instructed to walk 
“as fast as possible without running” along a 10m walkway. Lower limb kinematics and kinetics were 
collected using a ten camera Vicon system (Vicon MX, Oxford Metrics, UK) sampling at 100Hz, 
integrated with two force plates (AMTI, Watertown, MA, USA) capturing at 1000Hz. For the THR group, 
the operated limb (or most recently operated limb, in bilateral cases) was used for analysis and the 
dominant limb was selected for the control group, as chosen by the participant. All participants had a 
familiarisation period prior to completing 3-5 successful trials of each walking condition. A successful 
trial was defined as a clean foot strike within the boundary of the force plate. The CAST marker set 
was used to track lower limb segments kinematics in six degrees of freedom, with four non-orthogonal 
marker clusters positioned over the lateral thighs, lateral shanks and sacrum(Benedetti et al., 1998; 
Cappozzo et al., 1995). Each foot was modelled as a rigid, single segment, with six retroflective markers 
positioned on the first, second and fifth metatarsophalangeal joints as well as the malleoli and 
calcanei. Participants wore tight fitting shorts and vest onto which reflective markers were affixed at 
bony anatomical landmarks using double-sided tape to determine anatomical joint centres. Ankle and 
knee joint centres were defined as midpoints of the malleoli and femoral epicondyles, respectively. A 
regression model based on the position of the anterior and posterior superior iliac spine was used to 
find the hip joint centre(Bell et al., 1987). Before walking trials commenced, a static trial was collected 
to determine the position of the marker clusters with respect to lower limb joint locations. 
 
Data Analysis 
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All markers were labelled and gap-filled using the spline fill function in Vicon Nexus 2.5 (Vicon MX, 
Oxford Metrics, UK). Labelled marker coordinates and kinetic data were exported to Visual 3D (C-
motion, USA) for further analysis. Kinematic data and ground reaction force (GRF) data were filtered 
using a low-pass Butterworth filter (6Hz and 25Hz, respectively). Heel strike and toe-off were 
determined using thresholds (>20N and <20N, respectively) from the GRF. Gait speed and averaged 
peak hip kinematic, normalised to 100% of the gait cycle and kinetic values, normalised to 100% of 
stance phase, are presented in the sagittal (x), frontal (y) and transverse (z) planes. GRF, internal hip 
joint moments and powers are reported for stance phase. See supplementary data for averaged 
kinematic and kinetic waveforms. Due to the large number of variables analysed, only significant 
findings are reported here. 
 
Patient Stratification 
 
Patients were initially stratified by age into five groups; 1) age 54 to 64 years, 2) 65 to 69 years, 3) 70 
to 74 years, 4) 75 to 79 and 5) 80 years and over, to compare to previous literature(Bennett et al., 
2008; Bennett et al., 2017). 
 
In the main analysis, patients were stratified into three functional strata determined by their self-
selected gait speed, during normal walking. The mean and standard deviations (SD) of the gait speeds 
for the whole cohort were determined and those patients with a gait speed falling within 1SD of the 
mean were defined as normally functioning (NF). Patients with a gait speed greater than 1SD above 
the mean or 1SD below the mean were defined as high functioning (HF) or low functioning (LF), 
respectively.  
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Statistical analysis 
 
Between-strata differences were tested using a one-way ANOVA, and Levene’s test performed to test 
for the equality of variance. If homogeneity of variance was identified, Tukey’s post-hoc test was 
performed, if not, Tamhane’s post-hoc test was used. Statistical analysis was performed using SPSS 
(Version 21, Chicago, IL) with the significance level set at p< 0.05. Main effect p-values calculated and 
given this was an exploratory study, no correction applied for the multiple testing, to highlight 
variables of potential interest rather than to support wider inference.  
 
Results 
 
Age Strata – Demographics and Walking Speed 
 
All 137 patients completed the normal walking condition and 120 completed the fast walking 
condition. Table 1 shows each age strata demographics and for brevity, age strata will be referred to 
by group number designated in Table 1. During normal walking, there was a consistent trend towards 
decreasing gait speed with increasing age and the youngest two groups (Group 1 and 2) walked 
significantly faster than the older two groups (Group 4 and 5, p<0.0001). During fast walking, there 
was no consistent trend. 
 
- Insert Table 1 here - 
Age Strata- Normal Walk 
 
Table 2 and 3 presents peak hip joint kinematics and kinetic data for each age strata under both normal 
and fast walking conditions, respectively.  
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Kinematics 
 
All age strata demonstrated reduced sagittal ROM compared to the control group (p<0.0001), with 
the three oldest groups (Group 3, 4 and 5) showing a reduced peak extension angle (p<0.0001) (Table 
2). Compared to the control group, maximum adduction angle in Group 2 was significantly lower 
(p=0.045) and Group 4 exhibited a significantly reduced frontal ROM (p=0.009). 
 
- Insert Table 2 here  
 
Moments 
 
Groups 2 and 4 exhibited significantly reduced peak abductor moments compared to the control 
group, in addition, Group 4 exhibited significantly lower abductor moments compared to Group 1 
(p=0.002). Group 4 demonstrated significantly reduced peak flexor moments compared to the Group 
2 and control group (p=0.016). 
 
Powers 
 
All THR patients exhibited significantly reduced peak sagittal hip power generation compared to the 
control group (p<0.0001), in addition to the two oldest groups demonstrating significantly reduced 
peak sagittal hip power absorption (p<0.0001). Frontal plane power generation and absorption, were 
significantly higher in the youngest group (p<0.0001) compared to Group 4. 
 
Age Strata - Fast Walk 
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Kinematics 
 
The three oldest THR age groups exhibited significantly reduced peak hip extension compared to the 
controls (p=0.002). Sagittal ROM was significantly reduced in Groups 2, 4 and 5 compared to the 
control group (p=0.001). Group 4 demonstrated significantly reduced frontal plane ROM compared to 
the control group (p=0.016).  
 
- Insert Table 3 here - 
 
Moments 
 
Group 1 exhibited a significantly higher peak adductor moments compared to Group 4 and the control 
group (p=0.017). Group 4 displayed a significantly reduced abductor moment compared to Group 1 
and the control group.  
 
Powers 
 
Compared to the control group, Groups 2 and 5 exhibited significantly reduced sagittal hip power 
generation (p=0.016) and the youngest patient group demonstrated higher frontal peak power 
absorption compared to Group 4 (p=0.022). 
 
Functional Strata - Demographics and Walking Speed 
 
The mean self-selected walking speed in the full THR cohort was 1.1 m.s1, with the LF (n=19) and HF 
group (n=19) comprising of all cases with a gait speed <0.93 m.s1 (≤1SD) and ≥1.26ms-1 (≥1SD), 
respectively. The NF group (n=99) were all patients who fell within 1SD range of the mean. Table 4 
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shows the demographics for each functional stratum. During walking and fast walking, the LF group 
and HF group walked significantly slower and quicker, respectively, than all other groups (p<0.0001, 
see Table 4). 
 
-Insert Table 4 here- 
Functional Strata – Normal Walk 
 
Table 5 and 6 presents peak hip joint kinematics and kinetic data for each functional stratum under 
both normal and fast walking conditions, respectively  
 
Hip Kinematics 
 
Peak extension were significantly reduced in the LF and NF groups compared to the control group 
(p<0.0001). All post-THR groups demonstrated significantly reduced sagittal ROM compared to the 
controls, and the LF group demonstrated significantly reduced hip ROM compared to NF and HF group 
(p<0.0001, Figure 1). The LF group displayed a significantly lower frontal plane ROM compared to the 
control group (p=0.006). 
- Insert Table 5 and Figure 1 here - 
 
Hip Moments 
  
The LF group demonstrated a significantly reduced flexor and extensor moment compared to all other 
groups (p<0.0001, Figure 1). Conversely, the HF group exhibited an increased peak extensor moment 
compared to the NF group (p<0.0001). The LF group also displayed significantly reduced abductor 
moment compared to the control and HF group (p=0.006).  
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Hip Powers 
 
The LF group demonstrated significantly reduced sagittal plane hip power generation compared to all 
other groups (p<0.0001). Additionally, the NF group demonstrated significantly reduced sagittal plane 
hip power generation compared to the HF and control group (p<0.0001). The LF and NF groups 
exhibited significantly reduced sagittal plane hip absorption power compared to the HF and control 
group (p<0.0001).  
 
Functional Strata- Fast Walk 
 
Kinematics 
 
Peak extension angle was significantly less in the NF group compared to the control group (p=0.005). 
Compared to the control group, sagittal plane ROM in the LF and NF group was significantly reduced 
(p<0.0001, Figure 2). NF group peak adduction angle (p=0.046) and LF group frontal plane ROM was 
significantly reduced (p=0.012) compared to controls.  
- Insert Table 6 and Figure 2 here - 
 
Hip Moments 
 
Peak flexor moments in the LF group were significantly reduced compared to all other groups and the 
NF group was significantly reduced compared to the HF group (p<0.0001, Figure 2). The LF group 
demonstrated significantly lower abductor moments compared to the control group (p=0.028).  
 
Hip Power 
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Sagittal plane hip power generation and absorption was significantly lower in the LF group compared 
to the HF and control group (p<0.0001). The NF group exhibited significantly lower sagittal power 
generation (p<0.0001) compared to the HF and control groups. Additionally, the NF group was 
significantly different to the HF group for hip sagittal power absorption (p<0.0001).  
 
Discussion 
 
This study sought to identify how stratifying patients either by age, or gait speed as a measure of 
function, can influence post-THR hip function, under two different walking conditions. We confirmed 
previous reports that peak hip extension and sagittal ROM is lower in THR patients compared to 
healthy controls(Beaulieu et al., 2010; Foucher et al., 2007), under both walking conditions. For joint 
moments and powers, the LF and NF groups functioned more poorly than controls, but the HF THR 
group matched or demonstrated higher magnitudes than control patients (Figures 1 and 2), a finding 
comparable to previous work (O'Connor et al., 2018). Conversely the effect of chronological age was 
less systematic during normal walking, and age-related differences were further reduced in fast 
walking.  
 
Stratification by age  
 
During normal walking, all THR age groups demonstrated compromised sagittal ROM and sagittal peak 
hip power generation compared to the healthy control group, consistent with previous reports 
(Beaulieu et al., 2010; Bennett et al., 2008; Colgan et al., 2016; Kolk et al., 2014; Varin et al., 2013),. In 
the current study, only the older two groups’ (75-79 years and 80 years and above) hip kinematics and 
kinetic function (for the majority of variables), were significantly different to the healthy controls 
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(Table 2). These findings are in contrast to previous studies which reported a uniformity between age 
strata, only identifying significant differences between all the different age strata combined, 
compared to a control group(Bennett et al., 2008; Bennett et al., 2017). In the present study, the 
younger patients (54-64 years old) produced more comparable gait outputs to control participants 
during normal walking (Table 2). Bayliss et al. (2017) found that revision rates in younger patients are 
higher than in older adults, even for the same post-operative duration. It is plausible to suggest that 
younger patients could potentially be at risk of increased revision rates due to the increased ROM, hip 
moments and joint contact forces(Li et al., 2015) associated with normal healthy gait (Table 2 and 
Figure 1).  
 
It was anticipated that the inclusion of a fast walking condition might elicit greater differences 
between age groups due to the increase in demand(Lamontagne et al., 2011), however, the opposite 
was observed. Generally, overall differences between the oldest age groups compared to controls 
were reduced under the fast walking condition, suggesting that, when stratified by age, older patients 
were capable of performing at a higher level when required to (Table 3 and Supplementary File 2). 
This novel finding suggests that increasing age does not necessarily correlate with a decrease in the 
functional ceiling and further emphasises the importance of measuring patient function under more 
demanding activities. Furthermore, if the goal of THR is indeed to restore patient function across a 
range of activities(Learmonth et al., 2007), research outcome measures should focus on examining 
patients post-operatively using more demanding activities, which could provide a better indication of 
patients’ return to function.  
 
Stratification by functional ability 
 
When patients were stratified by self-selected walking speed as a surrogate measure of functional 
ability, there were consistent and systematic differences between functional strata and healthy 
14 
 
controls. The key findings were reductions in sagittal ROM, flexor moment, extensor moment (Figure 
1), sagittal power generation and absorption between the LF group compared to HF and control group. 
The HF group were closely aligned functionally with the control group.  
 
Previous studies have demonstrated that walking speed is a good surrogate indicator of overall 
function(Middleton et al., 2015; Studenski et al., 2011) and therefore it is reassuring that the HF 
patients, despite their hip replacement, are functionally aligned with the healthy controls. The greater 
magnitudes of joint moments and joint power (Figure 1 and 2), are well known to be associated with 
an increased walking speed(Browning and Kram, 2007; Schwartz et al., 2008). The results in the 
present study suggest that when THR patients were stratified by gait speed, consistent and clinically 
meaningful differences were more apparent between functional strata than was observed when the 
same dataset was stratified simply by age. Variables (i.e. frontal ROM, extension angle) that were 
systematically different when stratified by age (Tables 3 and 5) were still significant when stratified by 
function, with exception for medial GRF, which is of little clinical relevance. Stratification by gait speed, 
however, yielded further differentiation between groups in internal and external rotation moments, 
sagittal power absorption and generation and lateral GRF. As described above, when stratified by age, 
older adults were able to increase gait speed to a similar velocity and functional level (i.e. hip 
kinematics and kinetics), under the fast walking condition but when stratifying by function, the 
between-strata differences remained, indicating that the LF group remained relatively low functioning 
under fast walking conditions (Table 5 and 6).  
 
This study does have a number of limitations. Firstly, gait speed was not used as a covariate in the 
analysis, and some of the between-group differences reported may be due to the direct influence of 
gait speed on kinematic and kinetic variables(Kirtley et al., 1985). Nevertheless the present dataset 
represents real-world activities in real-world THR cases and the effect of high or low functioning on 
local implant functioning or bearing surface wear is not normalized in the body to notional speeds or 
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proportions of body weight. Secondly, surgical factors i.e. surgeon or surgical approach; were not 
controlled for in this study. Previous research has shown that surgical approach can differentially 
affect postoperative function in THR patients(Rathod et al., 2014). The control group were relatively 
well age matched overall, but not matched to individual corresponding age strata in the THR cohort, 
which would have allowed a more comprehensive analysis. Furthermore, only hip function was 
analysed in the present study and analysis of other joints would help to describe the overall function 
of patients and may highlight compensatory mechanisms used to cope with potential hip deficits. This 
study aimed however to understand how interpretation of hip function in particular varies depending 
on mode of stratification, and future analyses are required to explore the effects in other joints. The 
exploratory statistical analysis used in this instance was selected to highlight areas of interest for 
discussion and future studies rather than to infer a wider clinical significance. Through other time-
series-based approaches, such as statistical parametric mapping (Pataky, 2010) it would be possible 
to perform comparisons between groups across the full gait cycle and such approaches might be 
beneficial to future, hypothesis driven studies.  
 
In conclusion, the present study demonstrates that stratifying patients by functionally relevant 
biomechanical factors such as gait speed, rather than patient age may be more robust in identifying 
clinically important functional differences. Patients who are low functioning at normal self-selected 
walking speed remain low functioning during more demanding conditions. Although there were some 
differences found in the age strata between older patients and younger patient groups, these were 
not as clear or consistent as when patients were stratified by gait speed, highlighting the potential 
benefits of stratifying by functional measures. This approach provides insight into the relative 
kinematics and kinetics of high function THR cases compared to normal and low function THR cases, 
in relation to healthy controls and in turn these findings could also provide a further insight into 
differences in revision rates across patient groups. Furthermore we have shown that measuring 
patients performing more demanding activities such as fast walking better differentiates functional 
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compromises that are not necessarily obvious during normal walking. Other activities of daily living 
such as stair ascent/descent should also be considered in future as they may highlight further 
differences in function.  
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Table 1. Patient demographics and walking speed (ms-1) for each age strata. Values are reported as 
mean (SD) unless otherwise stated. 
1,2,3,4,5,c denotes significance (p <0.05) with relevant group; Tam denotes where Tamhane’s test was 
used instead of Tukey’s 
Group Age Stratum 
(years) 
Number of 
patients 
Female:Male Age 
(Years) 
BMI 
(kg/m2) 
Normal Walk 
(ms-1) 
Fast Walk 
(ms-1) 
1 54 to 64 24 12:12 60.4 (2.8) 28.9(5.4) 1.19(0.13) 4,5 1.73 (0.22) 
2 65-69 37 17:20 66.9(1.5) 28.9(3.5) 1.15(0.15) 4,5 1.62 (0.22) 
3 70-74 24 15:9 72.2(1.1) 27.6(4.3) 1.08 (0.17) 1.64 (0.28) 
4 75-79 28 14:14 77.4(1.3) 28.2(3.2) 1.03 (0.16) 1,2,c 1.51 (0.24) 
5 80 and over 24 12:12 82.3(3.1) 26.7(3.2) 1.02 (0.18)1,2,c 1.57 (0.24) 
c Healthy 
controls 
27 5:22 71.2(6.9) 25.0(6.5) 1.19 (0.17)4,5 1.63 (0.25) 
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Table 2. Peak hip kinematic, moments, powers and GRF’s in all three planes (x,y,z) for all patient and healthy control groups, stratified by age during the normal walking 
condition.  
Kinematics (°) 
Group Age Stratum Peak Extension* Peak Flexion Sagittal ROM Peak Adduction Peak Abduction* Frontal ROM 
1 54 to 64  -0.67 (7.64) 34.41 (7.15) 35.08 c  (4.18) 9.07 (3.41) -0.72 (4.27) 9.79 (2.35) 
2 65 to 69 -1.00 (7.19) 34.12 (6.52) 35.12 c (6.04) 7.92c (2.94) -1.30 (3.13) 9.21 (2.51) 
3 70 to 74 2.21c (8.43) 37.00 (5.38) 34.79 c (5.38) 8.05 (2.89) -1.14 (3.81) 9.18 (2.50) 
4 75 to 79 4.97c (7.14) 37.97 (7.49) 32.99 c (3.63) 8.89 (3.52) 0.88 (3.43) 8.01c (2.37) 
5 80 and over 0.24c (6.77) 33.02 (6.82) 32.78 c (4.89) 9.30 (2.62) -0.38 (3.30) 9.68 (2.92) 
c Healthy controls  -6.073,4,5 (6.43) 34.84 (6.30) 40.911,2,3,4,5(Tam) (4.83) 10.302 (3.03) -0.43 (3.70) 10.744 (3.06) 
 
 
Peak Internal Rotation Peak External Rotation Rotation ROM     
1 54 to 64  6.18 (5.88) 4.35 (5.88) 10.53 (2.13)       
2 65 to 69 2.93 (5.94) 7.93 (6.01) 10.87 (3.11)       
3 70 to 74 2.69 (8.48) 8.52 (9.38) 11.22 (3.39)       
4 75 to 79 4.24 (4.79) 5.45 (5.43) 9.69 (2.71)       
5 80 and over 2.11 (7.06) 8.00 (7.15) 10.10 (3.75)       
c Healthy controls  2.57 (6.06) 7.64 (6.58) 10.21 (2.14)       
GRF (BW) 
  Peak Vertical GRF  Peak Medial GRF Peak Lateral GRF  Peak Anterior GRF  Peak Posterior GRF    
1 54 to 64  1.134 (0.10) 0.073,c (0.02) 0.03 (0.02) 0.194,5 (0.03) 0.164,5 (0.03)   
2 65 to 69 1.10 (0.07) 0.07 (0.01) 0.03 (0.02) 0.174,5 (0.03) 0.144 (0.04)   
3 70 to 74 1.08 (0.06) 0.061 (0.02) 0.03 (0.02) 0.16 (0.04) 0.14 (0.03)   
4 75 to 79 1.061,c (0.06) 0.06 (0.01) 0.02c (0.02) 0.141,2,c (0.03) 0.121,2,c (0.03)   
5 80 and over 1.09 (0.06) 0.06 (0.01) 0.03 (0.02) 0.141,2,c (0.03) 0.121,c (0.03)   
c Healthy controls  1.134 (0.09) 0.061 (0.01) 0.044 (0.02) 0.184,5 (0.04) 0.164,5 (0.04)   
Moments (Nm/kg) 
 
 
Peak Flexor Moment  Peak Extensor Moment Peak Add Moment Peak Abd Moment  Peak Int Rot Moment  Peak Ext Rot Moment  
1 54 to 64  0.84 (0.18) 0.71 (0.21) 0.12 (0.05) 0.994 (0.17) 0.25 (0.09) 0.03 (0.04) 
2 65 to 69 0.834 (0.22) 0.68 (0.20) 0.11 (0.06) 0.89c (0.11) 0.22 (0.07) 0.03 (0.04) 
3 70 to 74 0.79 (0.19) 0.67 (0.21) 0.13 (0.09) 0.91 (0.11) 0.26 (0.09) 0.04 (0.02) 
4 75 to 79 0.692,c (0.19) 0.65 (0.22) 0.10 (0.05) 0.881,c (0.10) 0.26 (0.10) 0.02c (0.02) 
5 80 and over 0.76 (0.16) 0.61 (0.20) 0.09 (0.06) 0.92 (0.12) 0.22 (0.09) 0.02c (0.02) 
c Healthy controls  0.834 (0.08) 0.71 (0.24) 0.07 (0.06) 0.952,4 (0.20) 0.24 (0.11) 0.054,5 (0.04) 
Power (watts/kg) 
 
 
Sagittal Peak Hip Power 
Generation  
Sagittal Peak Hip Power 
Absorption 
Frontal Peak Hip Power 
Generation  
Frontal Peak Hip Power 
Absorption 
Transverse Peak Hip Power 
Generation  
Transverse Peak Hip Power 
Absorption 
1 54 to 64  1.09c (0.39) 0.54 (0.25) 0.584 (0.25) 0.574 Tam) (0.30) 0.05 (0.03) 0.17 (0.11) 
2 65 to 69 1.11c (0.39) 0.59 (0.30) 0.46 (0.17) 0.38 (0.17) 0.06 (0.06) 0.14 (0.12) 
3 70 to 74 1.01c (0.36) 0.57 (0.27) 0.44 (0.19) 0.37 (0.15) 0.06 (0.04) 0.13 (0.07) 
4 75 to 79 0.97c (0.41) 0.44c (0.25) 0.391 (0.16) 0.351(Tam) (0.18) 0.06 (0.05) 0.13 (0.07) 
5 80 and over 0.91c (0.26) 0.52c (0.21) 0.48 (0.15) 0.37 (0.14) 0.05 (0.04) 0.12 (0.06) 
c Healthy controls  1.391,2,3,4,5 (0.35) 0.754,5 (0.34) 0.50 (0.25) 0.52 (0.29) 0.06 (0.03) 0.17 (0.10) 
 1,2,3,4,5,c denotes significance (p <0.05) with relevant group; Tam denotes where Tamhane’s test was used instead of Tukey’s. * Positive values indicate hip flexion/adduction 
and negative values indicate hip extension/abduction. 
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Table 3. Peak hip kinematic, moments, powers and GRF’s in all three planes (x,y,z) for all patient and healthy control groups, stratified by age during the 
fast walking condition.  
Kinematics (°) 
Group Age Stratum Peak Extension* Peak Flexion Sagittal ROM Peak Adduction Peak Abduction* Frontal ROM 
1 54 to 64  -3.70 (8.78) 38.01 (7.89) 41.71 (5.76) 10.28 (3.73) -1.40 (4.63) 11.68 (2.80) 
2 65 to 69 -3.34 (7.39) 37.85 (6.85) 41.19c (7.29) 8.89 (3.09) -1.86 (3.18) 10.74 (2.74) 
3 70 to 74 -1.20c (9.05) 40.07 (6.24) 41.27 (5.99) 8.86 (3.35) -2.21 (4.67) 11.07 (2.93) 
4 75 to 79 0.84c (5.90) 39.06 (7.38) 38.22c (5.99) 8.71 (3.48) -0.52 (2.67) 9.24c (2.82) 
5 80 and over -0.51c (8.22) 38.35 (7.36) 38.87c (5.55) 9.58 (2.82) -2.07 (3.02) 11.66 (3.25) 
c Healthy controls  -8.063,4,5 (7.32) 37.94 (6.69) 46.01 (6.08) 11.20 (3.09) -1.07 (3.99) 12.274 (3.58) 
 
 
Peak Internal Rotation Min External Rotation Rotation ROM    
1 54 to 64  6.53 (5.73) -5.66 (6.74) 12.19 (3.17)       
2 65 to 69 3.27 (5.50) -9.63 (5.93) 12.90 (4.15)       
3 70 to 74 2.81 (8.47) -9.85 (7.88) 12.66 (4.26)       
4 75 to 79 3.38 (4.49) -7.85 (4.71) 11.23 (3.70)       
5 80 and over 2.71 (6.54) -10.12 (7.24) 12.83 (5.36)       
c Healthy controls  1.46 (6.58) -8.68 (6.80) 10.14 (2.62)       
GRF (BW) 
  Peak Vertical GRF  Peak Medial GRF Peak Lateral GRF  Peak Anterior GRF  Peak Posterior GRF    
1 54 to 64  1.32 (0.13) 0.08 (0.02) 0.05 (0.02) 0.244,5 (0.04) 0.234,5 (0.04)   
2 65 to 69 1.28 (0.13) 0.07 (0.02) 0.04c (0.03) 0.224 (0.04) 0.214 (0.04)   
3 70 to 74 1.26 (0.11) 0.07 (0.02) 0.05 (0.04) 0.20 (0.05) 0.20 (0.04)   
4 75 to 79 1.20 (0.13) 0.07 (0.02) 0.04 (0.03) 0.181,2,c (0.05) 0.171,2,c (0.05)   
5 80 and over 1.28 (0.16) 0.07 (0.01) 0.06 (0.03) 0.191 (0.03) 0.191 (0.05)   
c Healthy controls  1.30 (0.17) 0.07 (0.02) 0.062 (0.03) 0.224 (0.05) 0.224 (0.05)   
Moments (Nm/kg) 
 
 
Peak Flexor Moment  Peak Extensor Moment Peak Add Moment Peak Abd Moment  Peak Int Rot Moment  Peak Ext Rot Moment  
1 54 to 64  1.25 (0.32) 1.15 (0.25) 0.214,c(tam) (0.06) 1.172,4 (0.22) 0.35 (0.15) 0.04 (0.04) 
2 65 to 69 1.14 (0.27) 1.04 (0.31) 0.21 (0.13) 1.021 (0.16) 0.31 (0.09) 0.04 (0.06) 
3 70 to 74 1.16 (0.27) 1.14 (0.24) 0.23 (0.17) 1.06 (0.18) 0.34 (0.12) 0.084,5 (0.09) 
4 75 to 79 1.04 (0.21) 1.10 (0.34) 0.141 (0.10) 0.951,c (0.17) 0.30 (0.14) 0.033 (0.04) 
5 80 and over 1.10 (0.20) 1.12 (0.36) 0.17 (0.12) 1.07 (0.21) 0.34 (0.16) 0.013 (0.03) 
c Healthy controls  1.20 (0.25) 1.15 (0.25) 0.141 (0.08) 1.16 (0.20) 0.32 (0.12) 0.06 (0.08) 
Power (watts/kg)  
 
 
Sagittal Peak Hip Power 
Generation  
Sagittal Peak Hip Power 
Absorption 
Frontal Peak Hip Power 
Generation  
Frontal Peak Hip Power 
Absorption 
Transverse Peak Hip 
Power Generation  
Transverse Peak Hip 
Power Absorption 
1 54 to 64  2.21 (0.84) 1.27 (0.67) 0.66 (0.33) 1.174 (0.46) 0.12 (0.06) 0.27 (0.20) 
2 65 to 69 1.86c (0.65) 1.15 (0.50) 0.54 (0.20) 0.82 (0.39) 0.13 (0.11) 0.24 (0.23) 
3 70 to 74 2.03 (0.70) 1.30 (0.48) 0.53 (0.21) 0.87 (0.37) 0.12 (0.07) 0.21 (0.12) 
4 75 to 79 1.93 (0.74) 1.04 (0.41) 0.45 (0.19) 0.721 (0.57) 0.10 (0.07) 0.19 (0.13) 
5 80 and over 1.76c (0.48) 1.03 (0.38) 0.55 (0.23) 0.83 (0.38) 0.11 (0.06) 0.23 (0.16) 
c Healthy controls  2.412,5 (0.63) 1.38 (0.51) 0.54 (0.23) 1.03 (0.67) 0.14 (0.08) 0.23 (0.13) 
1,2,3,4,5,c denotes significance (p <0.05) with relevant group; Tam denotes where Tamhane’s test was used instead of Tukey’s. *Positive values indicate hip 
flexion/adduction and negative values indicated hip extension/abduction. 
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Table 4. Patient demographics and walking speed (m.s-1) for each function stratum. Values are 
reported as mean (SD) unless otherwise stated. 
Group Function 
Stratum 
Number of 
patients 
Female:Male Age (Years) BMI 
(kg/m2) 
Normal Walk 
(m.s-1) 
Fast Walk  
(m.s-1) 
1 Low 19 13:6 76.3(6.3) 28.5(5.0) 0.82(0.08)2,3,c 1.27 (0.22)2,3,c 
2 Normal 99 50:49 71.2(7.8) 28.3(3.9) 1.10(0.09)1,3,c 1.60 (0.19)1,3 
3 High 19 7:12 68.7(6.7) 27.1(3.0) 1.37(0.09)1,2,c 1.90 (0.20)1,2,c 
c Healthy 
controls 
27 5:22 71.2(6.9) 25(6.5) 1.19(0.17)1,2,3 1.63 (0.25)1,3 
1,2,3,c denotes significance (p <0.05) with relevant group; Tam denotes where Tamhane’s test was used 
instead of Tukey’s 
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Table 5. Peak hip kinematic, moments, powers and GRF’s in all three planes (x,y,z) for all patient and healthy control groups, stratified by gait speed during 
the normal walking condition.  
Kinematics (°) 
Group Function Stratum  Peak Extension* Peak Flexion Sagittal ROM Peak Adduction Peak Abduction* Frontal ROM 
1 Low 1.75c (7.75) 32.78 (6.70) 31.032,3,c (5.92) 9.40 (3.39) 1.44 (3.62) 7.95c (2.63) 
2 Normal 1.26c (7.42) 35.60 (6.86) 34.341,c (4.48) 8.52c (3.14) -0.79 (3.63) 9.31 (2.57) 
3 High -0.67 (8.88) 36.04 (6.92) 36.711,c (5.39) 8.08 (2.56) -1.39 (2.77) 9.47 (2.28) 
c Healthy controls -6.071,2 (6.43) 34.84 (6.30) 40.911,2,3 (4.83) 10.302 (3.03) -0.43 (3.70) 10.741 (3.06) 
 
 
Peak Internal Rotation Peak External Rotation Rotation ROM     
1 Low 3.10 (8.46) 6.59 (9.02) 9.69 (2.27)       
2 Normal 3.86 (6.44) 6.48 (6.71) 10.35 (3.11)       
3 High 2.60 (4.51) 9.48 (4.79) 12.08 (3.15)       
c Healthy controls 2.57 (6.06) 7.64 (6.58) 10.21 (2.14)       
GRF (BW) 
 
 
Peak Vertical GRF Peak Medial GRF Peak Lateral GRF Peak Anterior GRF Peak Posterior GRF 
1 Low 1.042,3,c (0.05) 0.07 (0.01) 0.022,3,c (0.02) 0.112,3,c (0.02) 0.102,3,c (0.03) 
2 Normal 1.091,3,c (0.07) 0.07 (0.01) 0.031,3,c (0.02) 0.161,3,c (0.03) 0.141,3,c (0.03) 
3 High 1.171,2 (0.08) 0.06 (0.01) 0.041,2 (0.02) 0.201,2 (0.03) 0.171,2 (0.04) 
c Healthy controls 1.131,2 (0.09) 0.06 (0.01) 0.041,2 (0.02) 0.181,2 (0.04) 0.161,2 (0.04) 
Moments (Nm/kg) 
 
 
Peak Flexor Moment  Peak Extensor Moment Peak Add Moment Peak Abd Moment  Peak Int Rot Moment  Peak Ext Rot Moment  
1 Low 0.602,3,c (0.16) 0.512,3,c (0.17) 0.09 (0.06) 0.893,c (0.10) 0.192,3 (0.10) 0.02c (0.03) 
2 Normal 0.771,3 (0.15) 0.661,3 (0.18) 0.11 (0.06) 0.91 (0.13) 0.241 (0.12) 0.03c (0.03) 
3 High 1.001,2,c (0.20) 0.841,2 (0.23) 0.14 (0.06) 0.971 (0.09) 0.281(Tam) (0.14) 0.04 (0.05) 
c Healthy controls 0.851,3 (0.20) 0.751 (0.21) 0.10 (0.06) 0.99c(Tam) (0.16) 0.25 (0.11) 0.051,2 (0.05) 
Power (watts/kg) 
 
 
Sagittal Peak Hip Power 
Generation  
Sagittal Peak Hip Power 
Absorption 
Frontal Peak Hip Power 
Generation  
Frontal Peak Hip 
Power Absorption 
Transverse Peak Hip 
Power Generation  
Transverse Peak Hip 
Power Absorption 
1 Low 0.752,3,c (0.24) 0.383,c (0.19) 0.363 (0.16) 0.262,3,c (0.13) 0.04 (0.02) 0.11 (0.06) 
2 Normal 0.991,3,c (0.30) 0.523,c (0.25) 0.47 (0.18) 0.411 (0.20) 0.05 (0.04) 0.14 (0.09) 
3 High 1.481,2 (0.45) 0.771,2 (0.26) 0.561 (0.23) 0.471 (0.24) 0.08 (0.07) 0.16 (0.10) 
c Healthy controls 1.391,2 (0.35) 0.751,2 (0.34) 0.50 (0.25) 0.521(Tam) (0.29) 0.06 (0.03) 0.17 (0.10) 
1,2,3,c denotes significance (p <0.05) with relevant group; Tam denotes where Tamhane’s test was used instead of Tukey’s. * Positive values indicate hip 
flexion/adduction and negative values indicate hip extension/abduction. 
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Table 6. Peak hip kinematic, moments, powers and GRF’s in all three planes (x,y,z) for all patient and healthy control groups, stratified by gait speed during 
the fast walking condition.  
Kinematics (°) 
Group Function Stratum  Peak Extension* Peak Flexion Sagittal ROM Peak Adduction Peak Abduction* Frontal ROM 
1 Low -1.73 (5.30) 34.99 (4.72) 36.72c (8.11) 8.77 (3.14) -0.44 (3.41) 9.21c (3.67) 
2 Normal -1.88c (7.80) 38.60 (7.11) 40.47c (5.95) 9.30c (3.44) -1.47 (3.74) 10.77 (2.77) 
3 High -2.24 (9.91) 40.42 (7.48) 42.66 (6.64) 9.08 (2.89) -2.96 (3.40) 12.04 (2.93) 
c Healthy controls -8.062 (7.32) 37.94 (6.69) 46.011,2 (6.08) 11.202 (3.21) -1.07 (3.99) 12.271 (3.58) 
 
 
Peak Internal Rotation Peak External Rotation Rotation ROM     
1 Low 4.16 (4.98) 6.95 (4.59) 11.10 (2.93)       
2 Normal 3.99 (6.55) 8.25 (6.85) 12.24 (3.95)       
3 High 2.62 (5.08) 11.29 (5.52) 13.91c (4.87)       
c Healthy controls 1.46 (6.58) 8.68 (6.80) 10.143 (2.62)       
GRF (BW) 
  Peak Vertical GRF  Peak Medial GRF Peak Lateral GRF  Peak Anterior GRF  Peak Posterior GRF    
1 Low 1.132,3,c (0.09) 0.07 (0.02) 0.03c (0.02) 0.162,3,c (0.03) 0.152,3,c (0.05)   
2 Normal 1.271 (0.13) 0.07 (0.02) 0.05 (0.03) 0.211 (0.04) 0.211 (0.04)   
3 High 1.351 (0.12) 0.07 (0.02) 0.06 (0.03) 0.231 (0.05) 0.221 (0.05)   
c Healthy controls 1.301 (0.17) 0.07 (0.02) 0.061 (0.03) 0.221 (0.05) 0.221 (0.05)   
Moments (Nm/kg) 
 
 
Peak Flexor Moment  Peak Extensor Moment Peak Add Moment Peak Abd Moment  Peak Int Rot Moment  Peak Ext Rot Moment  
1 Low 0.902,3,c (0.19) 1.00 (0.20) 0.15 (0.13) 0.96c (0.19) 0.212,3 (0.08) 0.03 (0.05) 
2 Normal 1.131,3 (0.24) 1.09 (0.29) 0.19 (0.12) 1.06 (0.20) 0.321 (0.12) 0.04 (0.06) 
3 High 1.351,2 (0.27) 1.24 (0.37) 0.24c (0.13) 1.08 (0.15) 0.371 (0.17) 0.06 (0.07) 
c Healthy controls 1.201 (0.25) 1.15 (0.25) 0.143 (0.08) 1.161 (0.20) 0.31 (0.12) 0.06 (0.08) 
Power (watts/kg) 
 
 
Sagittal Peak Hip Power 
Generation  
Sagittal Peak Hip Power 
Absorption 
Frontal Peak Hip Power 
Generation  
Frontal Peak Hip 
Power Absorption 
Transverse Peak Hip 
Power Generation  
Transverse Peak Hip 
Power Absorption 
1 Low 1.503,c (0.48) 0.783,c (0.38) 0.45 (0.25) 0.62 (0.37) 0.073 (0.04) 0.16 (0.09) 
2 Normal 1.863,c (0.60) 1.123 (0.48) 0.54 (0.24) 0.89 (0.45) 0.12 (0.08) 0.24 (0.18) 
3 High 2.701,2 (0.80) 1.581,2 (0.46) 0.63 (0.19) 0.99 (0.47) 0.151 (0.11) 0.23 (0.21) 
c Healthy controls 2.411,2 (0.63) 1.381 (0.51) 0.54 (0.23) 1.03 (0.67) 0.14 (0.08) 0.23 (0.13) 
1,2,3,c denotes significance (p <0.05) with relevant group; Tam denotes where Tamhane’s test was used instead of Tukey’s. *Positive values indicate hip 
flexion/adduction and negative values indicate hip extension/abduction. 
 
 
